Modeling climate-change impacts on mountain glaciers and water resources in the Central Dry Andes by Corripio, Javier G et al.
University of Zurich





Modeling climate-change impacts on mountain glaciers and
water resources in the Central Dry Andes
Corripio, J G; Purves, R S; Rivera, A
Corripio, J G; Purves, R S; Rivera, A (2008). Modeling climate-change impacts on mountain glaciers and water




Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Orlove, B [et al.] 2008. Darkening Peaks: Glacier Retreat, Science, and Society. Berkeley, US, 126-135.
Corripio, J G; Purves, R S; Rivera, A (2008). Modeling climate-change impacts on mountain glaciers and water




Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Orlove, B [et al.] 2008. Darkening Peaks: Glacier Retreat, Science, and Society. Berkeley, US, 126-135.
126
The Central Dry Andes form a high  mountain 
barrier dividing Chile and Argentina between 
around latitude 31 and 35S. They run north–
south, reaching the highest elevations in the 
Southern Hemisphere: Aconcagua is 6,954 m 
a.s.l., while many other peaks rise over 6,000 m. 
Their slopes descend abruptly toward the Paciﬁ c 
coast to the west, sandwiching a narrow stretch 
of land that sustains some of Chile’s richest 
agriculture and largest populations. To the 
east they descend more gradually toward the 
Argentine Pampas (Figure 9.1). On both sides 
of the range the precipitation regime has a 
marked seasonality, with most precipitation at 
high altitudes occurring during the austral winter, 
while summers are dry and sunny. Although 
the Chilean piedmont has annual precipitation 
in excess of 500 mm, the Argentine city of Men-
doza receives only some 180 mm (Miller 1976). 
In both cases almost all crops are irrigated and 
represent an important element of the economy. 
The Mediterranean subtropical production is 
sold at high prices in the Northern Hemisphere 
because of inverted seasonality (Brignall et al. 
1999). According to the Chilean wine  producers’ 
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 association, wine exports reached US$877 
million in 2005 (Associación Viñas de Chile 
2004). In Mendoza, according to the Mendoza 
Tourist Board, wine production is second in 
economic importance only to oil production. 
Santiago hosts the largest population in Chile, 
in excess of 5 million people, while Mendoza 
and surrounding towns are home to more than 
1 million. Supporting this population and irri-
gated agriculture would be impossible without 
the water derived from melting snow and ice 
(Ribbe and Gaese 2002).
The importance of meltwaters is demon-
strated in Table 9.1. Precipitation is very low 
in the summer months, just 1 mm in Decem-
ber, while runoff is at its maximum, over 42 m3 
s–1, on the Río Aconcagua at Río Blanco (1,420 
a.s.l.) during the same month (Legates and 
Willmott 1990; LBA-Hydronet 2002). This 
inverse pattern, with maximum discharge 
corresponding to minimum precipitation, is 
highly beneﬁ cial for human activities in the 
region in that the time of maximum heat stress 
and water demand coincides with the time of 
maximum availability. The mechanism for this 
FIGURE 9.1.  Map of the area of study, about latitude 33S and longitude 70W, showing the three main river 
catchments in the region and the hypsographic distribution of elevation above 3,000 m for each catchment. 
Regions used in calculation of hypsometry are delineated by a dashed black line. Note the more linear trend of 
the Mendoza basin and the rapid decline of surface area with altitude for the Aconcagua basin. Digital elevation 
model source, NASA SRTM (http://www2.jpl.nasa.gov/srtm/); map source, NOAA-NGDC Globe Project 
(http://www.ngdc.noaa.gov/mgg/topo/globe.html).
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asynchrony is the storage of water as snow and 
ice in the Cordillera during the winter months 
and its release through melt during the sum-
mer months. Whether the system is sustain-
able in the medium to long term depends on 
the balance between snow accumulation and 
ablation and the rate of melting of old water 
reserves in the form of glacier ice.
The Central Dry Andes are distinguished from 
glaciers and snow-covered surfaces at other lati-
tudes by the presence of penitentes ( Figure 9.2)—
pinnacles of ice up to several meters in height 
that are sculpted by differential ablation of the 
snow surface; the peaks remain frozen because 
of sublimation, while the troughs act as solar 
traps, enhancing their deepening (see Lliboutry 
1954). Their name comes from their perceived 
similarity to the penitents who march in Easter 
processions in Spain and Latin America wearing 
distinctive white conical headdresses. These ice 
pinnacles were ﬁ rst described by Darwin (1839) 
during his voyage in the Beagle. Corripio (2003) 
has demonstrated that most of the energy on 
penitentes is redirected to sublimation and tem-
perature changes, which enhance the conserva-
tion of the snow cover and reduce ablation. The 
labyrinth of ice and snow pinnacles appears cha-
otic, but penitentes are invariably oriented toward 
the zenith angle of the sun at noon, with walls 
aligned from east to west. Because the incoming 
solar radiation is distributed over a large surface 
area while the peaks are cooled by sublimation 
and evaporation in the very dry atmosphere, they 
are an efﬁ cient mechanism for the preservation 
of the snow cover.
A full study of the response of the glaciers of 
the Central Dry Andes to future climate change 
is beyond the scope of this article and, we would 
argue, the available data. Instead, we present 
here a detailed study of potential changes in 
the ablation regime during the crucial melt sea-
son based on data from two glaciers and con-
sidering the inﬂ uence of penitentes. We then 
hypothesize about the likely consequences of 
these results for the three catchments identi-
ﬁ ed earlier through consideration of catchment 
hypsometry.
INVESTIGATING THE SENSITIVITY OF 
THE CENTRAL DRY ANDES TO 
CLIMATE CHANGE
In investigating the sensitivity of the Central 
Dry Andes to potential climate change, we wish 
to explore in particular the potential response of 
the system in terms of summer ablation—the 
most important source of meltwater (and thus 
water) in the region. Our approach to the prob-
lem of modeling this response is limited by both 
the complexity of potential feedbacks within 
the system and the scarcity of available data at 
appropriate scales (in terms of both past change 
and potential future responses). In general, cli-
mate data for the region are both temporally and 
spatially limited. Rösenbluth, Fuenzalida, and 
Aceituno (1997) produced a time series show-
ing warming rates at latitude 33S of around 
2 C per century between 1933 and 1992. Gla-
cial response in the region appears to be corre-
lated with this warming trend, with Leiva (1999) 
showing a general pattern of glacier retreat in 
the region in the twentieth century.
The region lies close to the interface between 
the inﬂ uence of the southern westerlies (Kull, 
TABLE 9.1
Pattern of Monthly Discharge (m3s–1) and Precipitation (mm) in the Upper Aconcagua River Basin, Chile, at Río Blanco
MONTH J F M A M J J A S O N D
Discharge 22.04 13.88 8.53 3.90 3.12 2.98 3.06 3.10 4.16 6.62 14.36 22.72
Precipitation 3 15 10 31 109 102 79 94 41 22 11 1
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Grosjean, and Veit 2002), which are a strong 
driver of glacial systems farther south in Patago-
nia (Villalba et al. 2003), and the mainly anticy-
clonic climate system experienced to the north 
(Compagnucci and Vargas 1998). Changes in 
the magnitude or position of the westerlies 
would have signiﬁ cant effects on the regional 
climate through advection of moisture from the 
Paciﬁ c. For example, Kull, Grosjean, and Veit 
(2002) hypothesize that an intensiﬁ cation of
the westerlies at or around the Last Glacial 
 Maximum doubled precipitation at latitude 
29S. Furthermore, the region lies within the 
zone of inﬂ uence of the El Niño Southern 
Oscillation. Compagnucci and Vargas (1998) 
have shown that runoff in the Mendoza basin 
increases in El Niño years, most likely as a result 
of increased accumulation.
Any projection of future glacier response to 
climate change must take into account the avail-
ability of data and models for characterizing the 
system (Haeberli, Hoelzle, and Suter 1998). 
Approaches to modeling the response of systems 
to future change vary with the available data and 
the nature of the questions being asked. A key 
consideration is the spatial and temporal scales 
at which change is to be examined. In this case, 
the question is how, given current scenarios for 
climate change in South America, the availabil-
ity of runoff will change in the short to medium 
term within the catchments fed by ablation 
from the Central Dry Andes. Previous work has 
shown that penitentes signiﬁ cantly perturb the 
ablation regime with respect to more typical gla-
ciers (Corripio and Purves 2005). Thus the ques-
tion of how the distribution of penitentes will 
change with possible change in climate is also 
important. Finally, the inﬂ uence of any change 
in ablation regime will be strongly dependent 
on catchment hypsometry. Therefore, a third 
question is whether differences in the hypsom-
etry of catchments in the Central Dry Andes 
could produce signiﬁ cantly different responses 
to climate change.
Approaches to the modeling of ablation vary 
in complexity from point models utilizing either 
the temperature index (e.g., Hock 2003) or more 
physically based energy balance approaches 
(Greuell and Konzelmann 1994) to distributed 
mass and energy balance models that take into 
account differential ablation and accumulation 
(Klok and Oerlemans 2002). Here we apply a 
distributed energy balance model that has been 
validated at a point. We have no data regarding 
accumulation and therefore have considered 
only the ablation season.
MODELING ABLATION IN THE 
CENTRAL DRY ANDES
Portable, light automatic weather stations were 
installed on the surfaces of two glaciers in the 
region and the information logged every 10 
minutes with a Campbell CR10 data logger. 
The glaciers were the Juncal Norte, at 3,335 m 
FIGURE 9.2. Penitentes in the Central Dry Andes of 
Argentina. The pinnacles in the picture are 2 m in height 
and may be as high as 5 m elsewhere. The sun is in the 
west, and the penitentes are tilted about 12 north, toward 
the position of the sun at midday. (Photo © Javier G. Corripio.)
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a.s.l. (latitude 32.986S, longitude 69.956W), 
and the Loma Larga, at 4,667 m a.s.l. (latitude 
33.692S, longitude 70.0W). The data, col-
lected from December 2000 to February 2001, 
were air and snow temperature, relative humid-
ity, wind speed and direction, and incoming and 
outgoing shortwave radiation.
To model the ablation of snow and ice in 
the region we use the physically based energy 
balance model known as SnowDEM (Snow 
 Distributed Energy Balance Model). This is a 
highly distributed multilayered snow energy 
balance model that takes full account of topo-
graphic inﬂ uences and simulates incoming and 
outgoing shortwave radiation (direct, diffuse, 
and reﬂ ected), incoming and outgoing longwave 
radiation (atmospheric thermal radiation and 
radiation emitted from surrounding slopes), 
snow surface and subsurface temperature, and 
latent and sensible turbulent heat interchange 
with the atmosphere. The model is slightly mod-
iﬁ ed from that described by Corripio (2003), 
which can be summarized as follows:
 IG (1  )  L↓  L↑  H  LVE  QS  QM   0
where IG is global shortwave radiation,  is 
albedo, L↓ is downward ﬂ ux of longwave radia-
tion, L↑ is upward ﬂ ux of longwave radiation, H 
and LvE are sensible and latent heat ﬂ uxes, Qs is 
internal heat ﬂ ux within the snowpack, and QM 
is available heat for melting. Advective heat to 
the snowpack is neglected in this formulation 
but could be computed if high-resolution snow-
cover information and data on the thermal prop-
erties of the bare ground were available.
A detailed study of the effect of penitentes 
with a high-resolution (1-cm grid cell) synthetic 
model of penitentes surface energy balance has 
been reported elsewhere (Corripio 2003; Corripio 
and Purves 2005). To account for this inﬂ uence 
while running a computationally tractable model, 
areas covered by penitentes were parameterized 
as areas of increased roughness length. An addi-
tional parameter to account for the increased 
efﬁ ciency of radiative cooling by penitentes is 
currently being developed. Our observations 
show that in the initial stage of the formation of 
penitentes there is always a thin radiative crust 
on the snow surface. This crust is found when 
the uppermost skin surface layer of the snow 
has a zero or slightly negative energy balance 
while the subsurface layer has a positive net bal-
ance. This criterion has been conﬁ rmed by direct 
observation of the lowest limit of penitentes 
occurrence in the Central Dry Andes (4,100 m 
a.s.l.), and it is used in this chapter to distinguish 
areas where the model uses increased roughness 
to simulate the effects of penitentes. Figure 9.3 
shows where this modeled skin surface net 
energy balance of around zero is found on the 
Juncal Norte and surrounding glaciers.
SCENARIOS
In this study we apply to the region a very 
simple scenario for climate change derived 
from the HadCM3-coupled atmosphere-ocean 
FIGURE 9.3.  Penitentes migration for future climatic 
scenario. The black line is the observed and modeled line 
while the white one is the one forecast for T  4 C. 
The Juncal Sur and Río Plomo glaciers (lower center right 
and bottom) are today completely covered with penitentes, 
while these would be almost absent in future scenarios. 
The highest peak in the lower section of the ﬁ gure is the 
Nevado Juncal, 6,110 m a.s.l. Digital elevation model source, 
Instituto Geográﬁ co Militar, Chile.
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general circulation model (Gordon et al. 2000; 
Pope et al. 2000). The model was run for pres-
ent conditions and for two climate change sce-
narios based on a warming of 4 K, as predicted 
by the above-mentioned general circulation 
model for the end of the twenty-ﬁ rst century, 
with an all-anthropogenic forcing integration 
scenario. This warming is at the upper end 
of estimates for likely warming: for example, 
Bradley, Keimig, and Diaz (2004) suggest mean 
warming on the order of 2.5 K at this latitude 
on the basis of a scenario with 2  CO2 derived 
from seven general-circulation-model simula-
tions. However, our experiments are aimed not 
at predicting actual change in the system but 
rather at exploring the linkages between peni-
tentes, ablation, and orography.
In the ﬁ rst warming scenario, the model 
was run for present-day conditions, with 
increased temperature and relative humidity 
held constant (i.e., increased speciﬁ c humid-
ity), implying an increase in atmospheric 
water vapor content. The increase in humidity 
is based on the hypothesis that increased sea-
surface temperatures would increase available 
moisture for transport. All other input vari-
ables are held constant in this simple scenario 
with, in particular, no changes in accumulation 
modeled. This is in line with our aim of explor-
ing model sensitivities through a simple set of 
experiments and with the fact that predictions 
of change in precipitation in this region are 
uncertain and appear to be very low. In the sec-
ond scenario, the position of zero net energy 
balance at the snow surface was calculated to 
determine the lowest elevation at which peni-
tentes would form, and the surface was then 
reparameterized by changes in surface rough-
ness according to the calculated upward migra-
tion of penitentes.
RESULTS
Table 9.2 shows the input variables for the dif-
ferent runs of the model. The daily average is 
considered representative of mean ablation 
during the ablation season. Because the cli-
matic conditions for the year of the study are 
similar to those of the long-term mean for the 
area, according to reanalysis data from NCEP/
NCAR (Earth System Research Laboratory 
2007), it is not unreasonable to assume that 
these computed daily melts are representative 
of the average conditions in the region. Rough-
ness length has an important effect on the 
evaporation/sublimation of the snow and on 
TABLE 9.2
Variables Used for the Two Model Runs
PRESENT CONDITIONS T   4 C T   4 C  Penitentes Migration
Air temperature (Ta) Ta  4 Ta  4
Surface roughness Surface roughness Surface roughness
 0.002  4,100 m;  0.002  4,100 m;  0.002  4,700 m; 
 0.20 	 4,200 m  0.20 	 4,200 m  0.20 	 4,800 m
RH measured RH measured RH measured (implies higher 
     atmospheric water content)
Wind measured Same wind Same wind
SW↓ measured  topography  SW↓  topography SW↓ as today, topography corrected
SW↑ measured SW↑ as today SW↑ as today, implying same albedo
Ts for validation — —
NOTE: Ta, air temperature at 2-m screen level; RH, relative humidity; SW, shortwave radiation; Ts, snow temperature; Sk, sky view factor. 
Modeled melt is in millimeters (mm) of water equivalent.
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the sensible heat transfer with the atmosphere. 
The heat interchange with the atmosphere 
seems to be much higher on these snow cov-
ers than on those at higher altitudes (Corripio 
2003). Model outputs for the present day were 
validated through the use of several ablation 
stakes in the vicinity of the weather station. The 
results were satisfactory, especially with regard 
to cumulative melt (see Figure 9.4).
The modeled melt outputs are, in fact, 
potential melt—the amount of melt that would 
be possible if the ground were covered by a 
snowpack of inﬁ nite depth. More realistic ini-
tial snow-cover conditions would be preferable, 
but direct measurements are not available. The 
differences between the results for present con-
ditions and those for future scenarios are sum-
marized in Figure 9.5. The results show a large 
increase at lower altitudes, of about 8-mm water 
equivalent or 17–22% of the present melt. The 
maximum increase in melt, 34–48%, occurs 
between 4,100 and 4,700 m a.s.l. because of the 
upward migration of penitentes. This value of up 
to 11-mm water equivalent is probably an under-
estimate, as some researchers have observed 
a dramatic decrease of melting on penitentes-
covered areas (Kotlyakov and Lebedeva 1974). At 
higher altitudes temperatures remain relatively 
low and the slopes are steeper, leading to lower 
solar radiation interception and lower melt for 
all scenarios.
DISCUSSION
Analysis of these results together with the hyp-
sographic distribution of land within the three 
catchments studied and the extent of the gla-
ciers suggest a maximum increase in melt in 
the areas of greatest ice storage at present. 
This would imply a likely increase in future 
runoff generation in the ablation season. As 
general circulation models do not appear to 
forecast an increase in winter precipitation, it 
seems that stored ice is likely to be depleted 
rapidly. Some compensation may be brought 
about by an increase in El Niño events, which 
FIGURE 9.4.  Plot of the different energy balance components during ten days of December for the weather 
station (3,305 m a.s.l.) on the Juncal Norte Glacier. Superimposed are the modeled melt (stepped line) and the 
measured melt at two nearby ablation stakes (triangles and stars).
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are associated with increased winter pre-
cipitation and increased winter glacier mass 
balance (see, e.g., Leiva 1999). However, the 
depletion of ice storage will eventually lead 
to water scarcity and decreased runoff during 
the summer months. This situation will fol-
low different patterns in different catchments 
depending on the altitudinal distribution of 
the land. Thus, the Mendoza River is likely to 
experience gradual decay as the altitude level 
of enhanced melt increases because of the 
almost linear distribution of land area with 
elevation. At the same time, in the Aconcagua 
catchment runoff is likely to decrease rap-
idly after a period of much enhanced runoff. 
Here the surface area of land distribution has 
a peak between 4,100 m and 4,700 m a.s.l., 
precisely the area of maximum melt increase 
under the two scenarios.
That increased temperatures will produce 
increased melt is not a surprising or novel 
result. However, what is especially signiﬁ -
cant in this region is that the melt regime is 
 nonlinear because of the effect of the peni-
tentes in mediating ablation. The fact that the 
lower limit of penitentes is now located at the 
peak of glacier surface distribution will have a 
positive feedback on future increases in abla-
tion, but this is not likely to last long. As shown 
in Figure 9.5, the expected upward migration 
of the penitentes is in some cases rather dra-
matic. The fact that some glaciers whose main
ice bodies are at present entirely above the 
 penitentes line, such as the Juncal Sur, a very 
large glacier south of the highest peak in 
 Figure 9.4, or the Río Plomo glaciers, at the 
lower right, part of the largest glacier system 
in the Argentine Central Dry Andes, will be 
entirely below it under the new scenarios 
shows that this increase in melt occurs pre-
cisely in the areas of maximum ice concentra-
tion in these glaciers.
It is important to sound a note of caution 
with respect to these results. The scenar-
ios used and the models applied are rela-
tively  simple, and the uncertainties in many 
FIGURE 9.5.  Melt variation for future climatic warming, showing the differences in melt between present 
modeled conditions and a future scenario of temperature increased by 4 C and upward migration of the 
penitentes line (gray bars) and normalized differences in melt weighted for the actual surface area in every 
altitudinal band (nondimensional units) (black bars).
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 elements of the system are very signiﬁ cant. 
In particular, in the scenarios presented here 
we have assumed that precipitation (and 
thus accumulation) and wind speeds, an 
important inﬂ uence on turbulent heat ﬂ uxes, 
remain unchanged. Nonetheless, at present 
precipitation is negligible during the ablation 
season, and the main driver of local wind cir-
culation is katabatic forcing, which is likely 
to remain similar or decrease if glacier extent 
decreases.
CONCLUSIONS AND SUGGESTIONS 
FOR FURTHER WORK
Despite the scarcity of data in the region of 
study, our modeling results suggest that melt-
water availability is likely to increase in the 
medium term, with faster depletion of glacier 
resources in the longer term. Because of local 
orography it appears that the rate of variation 
will be more pronounced in the Aconcagua and 
Maipo basins than in the Mendoza basin.
Given the importance of meltwater for the 
economy and populations of Chile and Argen-
tina and the time required to adapt to new 
conditions, it would be desirable to be able to 
anticipate with greater precision the timing 
and magnitude of changes in water supplies. 
The tools presented here seem appropriate for 
gaining insight into such changes, but greater 
knowledge of the initial conditions is neces-
sary, including (1) reliable data on precipita-
tion and snow cover, (2) an updated inventory 
of glaciers that will permit the estimation of 
total runoff, (3) continuous meteorological 
data from a high-altitude weather station to 
permit modeling of the annual cycle of accu-
mulation and ablation and approximation of 
the vertical distribution of meteorological vari-
ables, and (4) measurements of actual ablation 
in penitentes-covered areas and techniques for 
applying an energy balance model that fully 
represents ﬂ uxes within penitentes ﬁ elds as 
opposed to the roughness-based parameteriza-
tion employed here.
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